Abstract. Previous studies have demonstrated that angiotensin II (Ang II) is involved in the process of atherosclerosis and vascular restenosis through its proinflammatory effect. Bcl-2-associated athanogene 3 (BAG3) had been suggested to be associated with proliferation, migration and invasion in many types of tumor. However, the role of BAG3 among the proliferative process of vascular smooth muscle cells (VSMCs) induced by Ang II, to the best of our knowledge, remains to be investigated. The present study demonstrated that in growth-arrested VSMCs, Ang II-induced VSMC proliferation, accompanied by increased BAG3 mRNA and protein expression levels in a dose-and time-dependent manner. BAG3 expression levels were measured in VSMCs treated in the presence or absence of Ang II. The proliferation of VSMCs was assessed using manual cell counting and Cell Counting kit-8 assays. mRNA and protein expression levels of BAG3, Toll-like receptor 4 (TLR4), proliferating cell nuclear antigen, nuclear factor (NF)-κB p65, smooth muscle protein 22α and phosphorylated NF-κB p65 were assessed by reverse transcription-quantitative polymerase chain reaction and western blotting, respectively. In non-transfected or scramble short hairpin RNA (shRNA)-transfected VSMCs cells, Ang II significantly induced VSMC proliferation. However, this Ang II-induce proliferation was attenuated when BAG3 was silenced, suggesting that inhibition of BAG3 may somehow reduce proliferation in Ang II-induced VSMCs. Furthermore, the TLR4/NF-κB p65 signaling pathway was involved in BAG3 gene upregulation. In conclusion, to the best of our knowledge, the present study demonstrated for the first time that inhibition of BAG3 attenuates cell proliferation.
Introduction
Phenotypic switch is a major characteristic of vascular smooth muscle cells (VSMCs), which respond to environmental stimuli via downregulation of contractile marker genes, upregulation of proliferative marker genes, migration ability and synthesis of the cellular matrix (1) . Phenotypic transfer of VSMCs from a contractile to a synthetic phenotype is demonstrated to be essential in various vascular diseases, including hypertension, restenosis and atherosclerosis (2, 3) . Increasing evidence has indicated that as a major peptide hormone of the rennin-angiotensin system, angiotensin II (Ang II) is significant in cardiovascular disease pathogenesis (4) . Chronic inflammatory and immunity is significantly associated with atherosclerosis process; according to a previous study, Ang II could generate inflammation in VSMCs via activating Toll-like receptor 4 via the nuclear factor (NF)-κB pathway (5) .
Bcl-2-associated athanogene 3 (BAG3), a 576-amino acid anti-apoptotic protein, has been reported to be constitutively expressed in the skeletal muscle, myocardial cells and various tumors, and is associated with multiple pathological process, such as cell survival, cell invasion, and adhesion (6) (7) (8) . Growing evidence has demonstrated that BAG3 may serve as a key mediator in cardiovascular diseases. Homma et al (9) demonstrated that mice with a BAG3 gene defect exhibited myofibrillar degeneration without inflammation, Z-disk architecture disruption, early postnatal apoptotic features and death by 4 weeks of age. Recently, clinical studies have confirmed that BAG3 is associated with cardiomyopathy, such as Takotsubo and dilated cardiomyopathy (10, 11) .
Growing evidence has confirmed that BAG3 serves a key mediated role in the pathogenesis of cardiovascular damage; however, to the best of our knowledge, there are currently no studies that have investigated whether BAG3 is involved in Ang II-induced VSMC proliferation of VSMCs. Furthermore, the potential underlying mechanism of Ang II inducing BAG3 expression in VSMCs remains unclear. Therefore, the present study aimed to investigate the anti-proliferative effects of BAG3 on Ang II-induced VSMCs, and to elucidate the potential underlying mechanisms. Cell culture. The A7r5 rat VMSC line was purchased from the China Center for Type Culture Collection (Wuhan, China). Cells were cultured in 25-cm 2 culture flasks (Corning lncorporated, Corning, NY, USA). The cells were developed in DMEM with 100 U/ml streptomycin, 100 U/ml penicillin and 10% fetal bovine serum, and were stored in a humidified incubator with 5% CO 2 at 37˚C. Cells at 80% confluence in culture wells were grown and arrested by serum-starvation for 1 day for subsequent experiments. Cell proliferation and cell number count experiments were conducted as previously described (12) Table I .
Materials and methods

Reagents
Reverse transcription-quantitative polymerase chain reaction (RT-qPCR).
In the present study, TRIzol reagent (Invitrogen; Thermo Fisher Scientific, Inc., Waltham, MA, USA) was used to extract total cellular RNA. The integrity and purity of the extracted total RNA was evaluated. Reverse transcription was conducted using a Prime Script RT reagent kit (Takara Biotechnology Co., Ltd., Dalian, China) with 1 µg RNA. A 25-µl reaction system was adopted containing 2 µl cDNA products and 12.5 µl SYBR Premix primer mixture (Takara Biotechnology Co., Ltd., Dalian, China). Sangon Biotechnology was assigned to design and synthesize the primers used in the present study, which are presented in Table II . A Thermal Cycler Dice Real Time system (Takara Biotechnology, Co., Ltd.) and a two-step-plus-melting curve program was used to run all the reactions in the following conditions: 95˚C for 30 sec, followed by 40 cycles of 95˚C for 5 sec and 60˚C for 30 sec. Finally, a Thermal Cycle Dice Real Time system was used to analyze gene expression, and the ΔC q method in reference to GAPDH was adopted to analyze the data. The 2 -ΔΔCq method was performed to calculate the data based on the measure of the quantitation cycle (13) . Three independent experiments were repeated under the same conditions.
Protein extraction and western blot analysis. VSMCs were lysed in cold radioimmunoprecipitation lysis buffer with protease inhibitors. Based on the standard of bovine serum albumin (BSA), a Bicinchoninic Acid assay was used to measure protein concentrations (Beyotime Institute of Biotechnology, Haimen, China). Samples were boiled in 5X sample buffer for 5 min at 100˚C. Equal amounts of protein (50 µg/sample) were separated by 8-12% SDS-PAGE and subsequently transferred to a polyvinylidene difluoride Table I . Primer sequences for Bcl-2-associated athanogene 3.
Plasmid Sequence
sh, short hairpin. Table II . Reverse transcription-quantitative polymerase chain reaction primer sequences.
Primer Sequences
BAG3, Bcl-2-associated athanogene 3; PCNA, proliferating cell nuclear antigen; SM22α, smooth muscle protein 22α. membrane with constant current of 100 V. Membranes were blocked with 5% BSA at room temperature for 120 min in TBS with Tween-20 (pH 7.6) and incubated with primary antibodies against TLR4, BAG3, p-NF-κB p65, NF-κB p65, SM22α, PCNA (1:500) and GAPDH (1:1,000 
Results
VSMC proliferation is induced by Ang II in a dose-and time-dependent manner.
Ang II induced cell proliferation in VSMCs in a dose-dependent manner (Figs. 1 and 2) . Furthermore, following treatment with 10 -7 M Ang II, the proliferation of VSMCs increased in a time-dependent manner ( Figs. 1 and 2) .
Ang II-induced upregulation of BAG3 mRNA and protein expression in VSMCs. As determined by RT-qPCR, BAG3 mRNA expression levels increased in a concentration-dependent manner. PCNA mRNA expression levels peaked following 10 -7 M Ang II treatment. No significant differences were observed in SM22α mRNA expression levels after 10 -8 and 10 -6 M Ang II treatment; however, 10 -7 resulted in a decrease in expression levels (Fig. 3A) . Similar effects were observed at the protein level, except 10 -6 M Ang II treatment resulted in a significant downregulation in SM22α expression (Fig. 3B and C) . Furthermore, Ang II stimulation increased BAG3 and PCNA and decreased SM22α mRNA and protein expression levels in a time-dependent manner (Fig. 4) .
Knockdown BAG3 expression attenuates Ang II-induced VSMC proliferation.
To assess the potential effect of BAG3 on VSMCs pretreated with Ang II in vitro, a BAG3 silencing plasmid was used to knock down BAG3 expression. As presented in Fig. 5 , shRNA-N2 and shRNA-N3 significantly decreased the expression of BAG3, whereas shRNA-N1 appeared to upregulate BAG3 expression (P>0.05). The shRNA-N3 had the greatest downregulation effect on both mRNA (40.61%; P<0.001; Fig. 5A ) and protein (57.47%; P<0.01; Fig. 5B and C) expression levels. Therefore, shRNA-N3 was used in subsequent experiments. Furthermore, no significant differences were observed between BAG3 mRNA and protein expression levels between the NC and NC-shRNA-N groups (Fig. 5) ; therefore, transfection efficacy was determined.
Compared with the NC group, Ang II significantly increased cell viability (Fig. 6) . Furthermore, Ang II upregulated the protein expression levels of BAG3 and PCNA, and decreased SM22α expression (Fig. 7) . However, shBAG3 significantly ameliorated these effects (Figs. 6 and 7) , indicating that regulation of Ang II may be partially mediated by BAG3 activity, and may be based on upregulation of proliferative factors.
Ang II induces BAG3 production via the NF-κB p65 signaling pathway. As the NF-κB p65 signaling pathway may be linked to the proliferative, migratory and invasion effects of BAG3, the present study further analyzed the TLR4/NF-κ P65 pathway activity in the process of Ang II-treated VSMCs. When treated with Ang II, the TLR4/NF-κ p65 pathway was activated (Fig. 8) . To further estimate whether TLR4/NF-κ p65 mediates the upregulation of BAG3, VSMCs were pretreated with PDTC and were subsequently cultured with or without Ang II for 24 h (14). The results suggested that PDTC pretreatment markedly decreases BAG3 expression in response to the treatment of Ang II (P<0.001); however, no such effect was observed on the basic expression under regular conditions (Fig. 9) . Therefore, Ang II may regulate BAG3 expression via the TLR 4/NF-κ p65 signaling pathway in VSMCs.
Discussion
The present study demonstrated that Ang II induced cell proliferation and upregulated BAG3 expression in VSMCs. Similarly, a previous study reported that Ang II regulates BAG3 mRNA and protein expression in cultured renal fibroblast (15) . Notably, the results of the present study demonstrated that regulation of Ang II on BAG3 expression may be partially mediated via the TLR4/NF-κB p65 signaling pathway in VSMCs. This research firstly presents a potential link between Ang II and BAG3 in VSMCs in vitro. Previous studies have reported that in various tumor diseases, BAG3 may be significant in sustaining cellular survival, proliferation, migration and invasion, and resistance to therapy (16, 17) . Therefore, BAG3 has been identified as a novel anti-cancerous target in humans (18) . However, BAG3 has been reported to only highly expressed in limited cell types, including myocytes and skeletal muscle cells. BAG3 is associated with cell resistance to mechanical stress (6). Du et al (15, 19) demonstrated in a rat unilateral ureteral obstruction model that BAG3 expression is associated with the renal fibrosis level. Furthermore, they verified that BAG3 contributes to renal fibrosis via increasing the synthesis and deposition of extracellular matrix protein in vitro (15, 19) . Similarly, BAG3 mutations have been reported to be associated with familial cardiomyopathy. Furthermore, in end-stage heart failure without a familial history, the level of BAG3 is significantly reduced (20, 21) . A previous study demonstrated that BAG3 regulates contractility and Ca 2+ homeostasis in adult mouse ventricular myocytes (22) . However, to the best of our knowledge, there is no evidence to clarify whether BAG3 is involved in the pathogenic process of VSMCs. Therefore, the present study aimed to estimate the potential effects of Ang II on BAG3 expression in VSMCs in vitro.
A dose-and time-dependent increase in BAG3 mRNA and protein expression levels were observed in the Ang II-induced VSMC proliferative process. Therefore, Ang II may cause vascular remodeling partially by modulation of BAG3 expression. It is well demonstrated that Ang II has a significantly regulative effect on cell proliferation in VSMCs, and serves as a key regulator in the cell proliferative process. A previous study demonstrated that in serum-deprived HK2 cells, the expression of BAG3 mRNA is relatively low. However, transforming growth factor-β1 markedly upregulates this expression (15) . Consistent with this, the present study demonstrated relatively low levels of BAG3 under normal conditions. However, treatment with Ang II significantly upregulated BAG3 expression levels, accompanied by increased VMSC proliferation in a dose-and time-dependent manner. This suggested a key regulative role of BAG3 in the proliferative process of Ang II stimulation.
Ang II is significantly associated with the pathophysiological action of atherosclerosis through its pro-inflammatory effect. It has been demonstrated to produce inflammation in VSMCs via the TLR4/NF-κB p65 signaling pathway (5) . A previous study demonstrated that suppression of NF-κB p65 activity may prevent proliferation in VSMCs induced by high glucose (23) . Furthermore, Rapino et al (24) revealed that NF-κB activation is necessary in BAG3 induction following ST80/Bortezomib treatment in rhabdomyosarcoma cells. Therefore, it was hypothesized that Ang II may induce BAG3 upregulation via activation of the TLR4/NF-κB p65 signaling pathway. The results of the present study suggested that the TLR4/NF-κB p65 pathway was stimulated by Ang II. When VSMCs were pretreated with PDTC, an antagonist of the NF-κB p65 signaling pathway, BAG3 protein expression levels were decreased. Therefore, Ang II may BAG3 expression partially via the NF-κB p65 signaling pathway.
In conclusion, to the best of our knowledge, the present study demonstrated that Ang II induces VSMC proliferation, accompanied with an elevation of BAG3 expression. Furthermore, Ang II elevated BAG3 expression partially via activation of the TLR4/NF-κB p65 pathway in VSMCs. To the best of our knowledge, the present study provides novel evidence to explain the pathological mechanism of Ang II-induced VSMC proliferation, demonstrating that BAG3 may act as a mediator of this mechanism and may be a viable target in the development of future therapies for vascular disease. P<0.01 vs. NC. NC, negative control; TLR4, toll-like receptor-4; NF-κB p65, nuclear factor-κB p65; p, phosphorylated; Ang II, angiotensin II; BAG3, Bcl-2-associated athanogene 3; SM22α, smooth muscle protein α; PCNA, proliferating cell nuclear antigen. 
